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Abstract: Studies of marine aggregation have focused on determining formation rates of larger
particles from small particles. However, it has been shown that particles can form from the dissolved
phase, which includes colloidal material. The purpose of this study was to investigate the effect of
aggregation on the chemical composition of both the dissolved and particulate phases in two salinity
regimes: (1) the coast of Avery Point, Connecticut, USA (AP; salinity of 30.1 psu); (2) the estuary of
Thames River, Connecticut, USA (TR; salinity of 5.0 psu). The samples were incubated on a roller
table for two days in the dark at a speed of 8 rpm. The mixed collision mechanism of shear and
differential sedimentation provided by the roller table enhanced the gross aggregation of particulate
organic carbon (POC; 0.75 µM d−1 and 1.04 µM d−1 in AP and TR, respectively). Subsequent
microbial degradation led to a negative net aggregation of POC (−5.20 µM d−1 and −1.19 µM d−1

in AP and TR, respectively). Although bacterial abundance remained in a narrow range in this
study, the aggregation of organic matter (OM) enhanced planktonic community respiration (CR; CR
increased 5.1 mg-C m−3 d−1 and 205.4 mg-C m−3 d−1 in AP and TR, respectively). The collision
also led to a gross aggregation of uncharacterized particulate organic matter (POM) transferred from
uncharacterized dissolved organic matter (DOM; 0.62 µM-C d−1 and 0.56 µM-C d−1 in AP and TR,
respectively). The aggregated, uncharacterized POM could be biologically refractory. The C- and
N-yields and enrichment factor (EF) analysis indicated that the organic substrate dynamics in this
study were complicated.

Keywords: aggregation; particulate organic carbon; amino acids; neutral aldose; roller table

1. Introduction

Aggregation of organic matter (OM) in marine environments plays an important role
in transformation processes of dissolved (and colloidal) organic substrates to the particulate
form [1], as well as elemental cycling [2]. These processes could link the very large dissolved
organic carbon (DOC) pool to the relatively small particulate organic carbon (POC) pool
in the ocean. Marine colloidal gel is a subfraction of the empirically defined (by filtration)
dissolved organic matter (DOM) pool. Colloidal material has a very large surface area
and is known to play a critical role in aggregation [3,4]. The colloidal size fraction (also
known as the high-molecular-weight size fraction) of naturally occurring OM contains a
significantly higher concentration of chemically recognizable, biologically labile material
than bulk DOM [4,5]. Specifically, colloidal OM has a high content of carbohydrates and
amino acids [6,7], which may affect the aggregation processes [8]. Since colloidal material
has a unique OM composition, it is possible that aggregation will change the chemical
composition of both the dissolved and particulate pools by selectively transferring colloidal
material from the dissolved to the particulate pool.

In the open ocean, the intensive aggregation of OM is usually associated with a
decline in phytoplankton blooms [9]. In coastal waters, the formation of organic aggregates
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could be more related to hydrodynamic processes, such as water turbulence and salinity
change [10–12]. Mixing seawater in the estuary is generally considered to have a positive
effect on the aggregation of OM due to the compression of the double layer of ions and
the decrease in electrostatic repulsion between particles [13]. Salt-induced aggregation
has been reported in various estuaries [14–16]. The maximum of the aggregation has been
observed in the low to medium salinity (~15 psu), and the size of the aggregates decreased
seaward [15,17].

Previous aggregation studies carried out in marine systems mainly focused on the
characterization of the size, abundance, and chemical and microbial compositions of existing
aggregates [18,19] or mathematical modeling based on particle size distributions [20,21]. Few
studies have been carried out in which both aggregation and chemical OM characteristics
have been determined [22–26]. Chen and Skoog [26] found that more POC was aggregated
in brackish waters (salinity 6~7 psu) than in seawater samples (salinity 21~27 psu) in the
eastern Long Island Sound, USA. However, only net aggregation was performed.

Here, our main goal of this study is to investigate changes in chemical characteristics in
the dissolved and particulate phases in terms of both net and gross aggregation effects using
a roller table in samples from one coastal site (Avery Point; denoted AP; salinity ~30 psu)
and one estuarine site (Thames River, denoted TR; salinity ~5 psu) in the eastern Long Island
Sound, USA. Bulk- and compound-specific concentration determinations (i.e., amino acids
and neutral aldoses) were carried out in samples of both the dissolved and particulate phases.

2. Results and Discussion
2.1. Results
2.1.1. In situ Conditions at AP and TR

The in situ salinities at AP and TR were 30.1 and 5.0, respectively, while the tem-
peratures were 17.2 ◦C and 17.4 ◦C, respectively. The phosphate concentrations were
0.42 ± 0.05 µM and 0.25 ± 0.02 µM in AP and TR samples, respectively. In the AP
samples, the dissolved inorganic nitrogen (DIN; sum of nitrate, nitrite, and ammonium)
concentration was 3.01 µM (concentrations of nitrate, nitrite, and ammonium were
0.65 ± 0.01 µM, 0.16 ± 0.004 µM, and 2.20 ± 0.06 µM, respectively). In the TR sam-
ples, the DIN concentration was 19.80 µM (concentrations of ammonium, nitrate, and
nitrite were 4.48 ± 0.78 µM, 15.19 ± 0.31 µM, and 0.13 ± 0.03 µM, respectively).

The inorganic N/P ratio in the initial samples from AP was 7.2, which is lower than the
Redfield ratio of 16, indicating that the AP system was N-limited. In contrast, the inorganic N/P
ratio in the initial samples from TR was 79.2, indicating that the system was highly P-limited.

2.1.2. Changes in Bulk OM Concentrations in AP Samples

The initial POC and PON concentrations in AP were 28.97 ± 0.91 µM and 5.10 ± 0.22 µM,
respectively, resulting in a particulate C/N ratio of 5.56 ± 0.11 (Table 1). POC and PON
concentrations in the control were 17.07 ± 0.63 µM and 2.83 ± 0.28 µM, respectively,
resulting in a particulate C/N ratio of 5.05 ± 0.43 (Table 1). POC and PON concentrations
in the treatment were 18.57 ± 0.13 µM and 3.19 ± 0.18 µM, respectively, resulting in a
particulate C/N ratio of 5.85 ± 0.30 (Table 1).

The POC concentrations in the control and treatment were both significantly lower
than that in the initial samples (ANOVA, p < 0.05). However, the POC concentration in
the treatment was significantly higher than that in the control (ANOVA, p < 0.05). The
PON concentrations in the control and treatment decreased significantly from the initial
(ANOVA, p < 0.05). The particulate C/N ratios were not different among the initial, control,
and treatment samples (ANOVA, p > 0.05).

The initial DOC and TDN concentrations were 93.86 ± 4.96 and 7.07 ± 0.15 µM,
respectively, resulting in a dissolved C/N ratio of 13.28 ± 0.42 (Table 1). DOC and TDN
concentrations in the control were 89.94 ± 1.33 µM and 6.84 ± 0.76 µM, respectively,
resulting in a dissolved C/N ratio of 13.28 ± 1.75 (Table 1). DOC and TDN concentrations
in the treatment were 87.66 ± 4.27 µM and 6.15 ± 0.07 µM, respectively, resulting in a
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dissolved C/N ratio of 14.25 ± 0.77 (Table 1). There was no statistical difference in DOC
concentrations, TDN concentrations, and dissolved C/N ratios among initial, control, and
treatment samples (ANOVA, p > 0.05).

Table 1. Aggregation of organic characteristics. Abbreviations: POC: particulate organic carbon;
PON: particulate organic nitrogen; DOC: dissolved organic carbon; TDN: total dissolved nitrogen;
PHAA: particulate hydrolysable amino acid; DHAA: dissolved hydrolysable amino acid; PHNA:
particulate hydrolysable neutral aldose; AP: coastal Avery Point site; TR: estuarine Thames River
site. Initial denotes the field data; treatment denotes samples after two days of rolling; and control
denotes samples incubated for two days without rolling.

AP TR
Parameter Unit Initial Control Treatment Initial Control Treatment

POC µM 28.97 ± 0.91 17.07 ± 0.63 18.57 ± 0.13 24.24 ± 0.80 19.86 ± 0.10 21.87 ± 1.07
PON µM 5.10 ± 0.22 2.83 ± 0.28 3.19 ± 0.18 2.70 ± 0.14 2.33 ± 0.10 2.63 ± 0.11

Particulate C/N 5.56 ± 0.11 5.05 ± 0.43 5.85 ± 0.30 8.98 ± 0.41 8.51 ± 0.20 8.32 ± 0.24
DOC µM 93.86 ± 4.96 89.94 ± 1.33 87.66 ± 4.27 209.11 ± 5.38 165.22 ± 15.91 128.88 ± 2.42
TDN µM 7.07 ± 0.15 6.84 ± 0.76 6.15 ± 0.07 18.59 ± 0.27 14.54 ± 1.43 12.61 ± 0.28

Dissolved C/N 13.28 ± 0.42 13.28 ± 1.75 14.25 ± 0.77 11.25 ± 0.35 11.37 ± 0.24 10.36 ± 0.38
PHAA nM 811 ± 22 725 ± 19 785 ± 25 510 ± 18 431 ± 17 474 ± 28
DHAA nM 766 ± 41 586 ± 35 490 ± 27 626 ± 9 557 ± 9 507 ± 17
PHNA nM 858 ± 37 615 ± 11 571 ± 22 617 ± 15 444 ± 12 572 ± 29
DHNA nM 2370 ± 63 2247 ± 45 2152 ± 49 2962 ± 93 2880 ± 98 2910 ± 56

2.1.3. Changes in Bulk OM Concentrations in TR Samples

The initial POC and PON concentrations were 24.24 ± 0.80 µM and 2.70 ± 0.14 µM,
respectively, resulting in a particulate C/N ratio of 8.98 ± 0.41 (Table 1). POC and PON
concentrations in the control were 19.86 ± 0.10 µM and 2.33 ± 0.10 µM, respectively,
resulting in a particulate C/N ratio of 8.51 ± 0.20 (Table 1). POC and PON concentrations
in the treatment were 21.87 ± 1.07 µM and 2.63 ± 0.11 µM, respectively, resulting in a
particulate C/N ratio of 8.32 ± 0.24 (Table 1).

The POC and PON concentrations in the control were significantly lower than those
in the initial (ANOVA, p < 0.05). Similar to AP, the bulk POC concentration in the treatment
was significantly higher than that in the control, but it was lower than that in the initial
(ANOVA, p < 0.05). The PON concentration in the treatment was significantly higher
than that in the control (ANOVA, p < 0.05). The particulate C/N ratios had no significant
difference among the initial, control, and treatment samples (ANOVA, p > 0.05).

The DOC and TDN concentrations in the initial were 209.11 ± 5.38 µM and 18.59 ± 0.27 µM,
respectively, resulting in a dissolved C/N ratio of 11.25 ± 0.35 (Table 1). The average bulk DOC
and TDN concentrations in the control were 165.22 ± 15.91 µM and 14.54 ± 1.43 µM, respectively,
resulting in a dissolved C/N ratio of 11.37 ± 0.24 (Table 1). Bulk DOC and TDN concentrations in
the treatment were 128.88 ± 2.42 µM and 12.61 ± 0.28 µM, respectively, resulting in a dissolved
C/N ratio of 10.36 ± 0.38 (Table 1).

Both DOC and TDN concentrations in the control were significantly lower than those
in the initial (ANOVA, p < 0.05). The DOC concentration in the treatment was significantly
lower than that in the initial and control (ANOVA, p < 0.05), whereas the TDN concentration
in the treatment was only significantly lower than that in the initial (ANOVA, p < 0.05). The
dissolved C/N ratio in the treatment was significantly lower than that in the initial and
control (ANOVA, p < 0.05), indicating that bacteria consumed more DOC in the treatment
compared to TDN.

2.1.4. Changes in Bulk Amino Acids in AP Samples

The initial PHAA concentration was 811 ± 22 nM (Table 1), which is equivalent to
3.81 ± 0.12 µM-C and 1.00 ± 0.03 µM-N, accounting for 13.1 ± 0.4% and 19.7 ± 0.6% of
POC (C-yields) and PON (N-yields), respectively. The PHAA concentration in the control
was 725 ± 20 nM (Table 1), which is equivalent to 3.44 ± 0.13 µM-C and 0.91 ± 0.03 µM-N,
accounting for 20.2 ± 0.7% and 32.0 ± 1.0% of POC and PON, respectively. The PHAA
concentration in the treatment of AP was 785 ± 25 nM (Table 1), which is equivalent to
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3.70 ± 0.13 µM-C and 0.97 ± 0.04 µM-N, accounting for 19.9 ± 0.7% and 31.6 ± 1.3% of
POC and PON, respectively.

The PHAA concentration in the control was significantly lower than that in the initial
samples (ANOVA, p < 0.05). The PHAA concentration in the treatment was significantly
higher than in control samples (ANOVA, p < 0.05). The PHAA C- and N-yields (representing
PHAA contribution to POC and PON, respectively) were significantly higher in both the
control and treatment than in the initial samples (ANOVA, p < 0.05).

The initial DHAA concentration was 766 ± 41 nM (Table 1), which is equivalent to
3.48 ± 0.30 µM-C and 0.94 ± 0.08 µM-N, accounting for 3.7 ± 0.2% and 13.2 ± 0.7% of
DOC and TDN, respectively. The DHAA concentration in the control was 586 ± 35 nM
(Table 1), which is equivalent to 2.68 ± 0.31 µM-C and 0.73 ± 0.08 µM-N, accounting for
3.0 ± 0.2% and 10.6 ± 0.4% of DOC and TDN, respectively. The DHAA concentration in
the treatment of AP was 490 ± 27 nM (Table 1), which is equivalent to 2.23 ± 0.33 µM-C
and 0.61 ± 0.09 µM-N, accounting for 2.5 ± 0.1% and 10.0 ± 0.7% of DOC and TDN.

The DHAA concentration, as well as the C- and N-yields, in the control was sig-
nificantly lower than in the initial samples (ANOVA, p < 0.05), indicating the microbial
degradation of DHAA. The DHAA concentration as well as the C-yield in the treatment
was significantly lower than in both initial and control samples (ANOVA, p < 0.05), indi-
cating either that aggregation enhanced the microbial DHAA consumption or selectively
transferred DHAA to the particulate phase.

2.1.5. Changes in Bulk Amino Acids in TR Samples

The initial PHAA concentration was 510 ± 18 nM (Table 1), which is equivalent to
2.36 ± 0.32 µM-C and 0.63 ± 0.02 µM-N, accounting for 9.7 ± 0.6% and 23.5 ± 1.1% of
POC and PON, respectively. The PHAA concentration in the control was 431 ± 17 nM
(Table 1), which is equivalent to 2.01 ± 0.08 µM-C and 0.54 ± 0.03 µM-N; 10.1 ± 0.4% and
23.3 ± 1.1% of POC and PON, respectively. The PHAA concentration in the treatment was
474 ± 28 nM (Table 1), which is equivalent to 2.20 ± 0.13 µM-C and 0.59 ± 0.03 µM-N,
accounting for 10.0 ± 0.6% and 22.5 ± 1.6% of POC and PON, respectively.

The PHAA concentration in the control was significantly lower than that in the initial
samples (ANOVA, p < 0.05), indicating the microbial degradation of PHAA. The PHAA
concentration in the treatment was significantly higher than in control samples (ANOVA,
p < 0.05), indicating the accumulation of PHAA in the treatment. PHAA There was no
statistical difference in the C- and N-yields among the initial, control, and treatment samples
(ANOVA, p > 0.05).

The initial DHAA concentration in TR was 626 ± 10 nM (Table 1), which is equivalent to
2.82 ± 0.23 µM-C and 0.78 ± 0.06 µM-N, accounting for 1.35 ± 0.02% and 4.2 ± 0.1% of DOC
and TDN, respectively. The DHAA concentration in the control was 557 ± 9 nM (Table 1),
which is equivalent to 2.51 ± 0.20 µM-C and 0.70 ± 0.05 µM-N, accounting for 1.52 ± 0.03%
and 4.8 ± 0.1% of DOC and TDN, respectively. The DHAA concentration in the treatment
was 507 ± 17 nM (Table 1), which is equivalent to 2.27 ± 0.20 µM-C and 0.63 ± 0.05 µM-N,
accounting for 1.76 ± 0.07% and 5.0 ± 0.2% of DOC and TDN, respectively.

The DHAA concentration in the control was significantly lower than in the initial
samples (ANOVA, p < 0.05), indicating the microbial degradation of DHAA. The DHAA con-
centration in the treatment was significantly lower than in the initial and control (ANOVA,
p < 0.05), indicating either that aggregation enhanced the microbial consumption of DHAA
or transfer of DHAA to the particulate phase. The C- and N-yields from DHAA in the
control were higher than those in the initial (ANOVA, p < 0.05), indicating microorganisms
selectively consumed other organic components rather than DHAA. The DHAA C-yield in
the treatment was significantly higher than in the initial and control (ANOVA, p < 0.05),
indicating that the aggregation reduced the degradation rate of DHAA.
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2.1.6. Changes in Bulk Neutral Aldose AP Samples

The initial PHNA concentration was 858 ± 37 nM (Table 1), which is equivalent
to 5.00 ± 0.42 µM-C, comprising 17.2 ± 0.8% of POC. The PHNA concentration in the
control was 615 ± 11 nM (Table 1), which is equivalent to 3.52 ± 0.25 µM-C, comprising
20.6 ± 0.3% of POC. The PHNA concentration in the treatment in AP was 571 ± 22 nM
(Table 1), which is equivalent to 3.52 ± 0.25 µM-C, comprising 17.5 ± 0.7% of POC.

The PHNA concentration in the control was significantly lower than in the initial
samples (ANOVA, p < 0.05), indicating the microbial degradation of PHNA. However, the
C-yield from PHNA in the control of AP was significantly higher than that in the initial and
treatment (ANOVA, p < 0.05). The PHNA concentration in the treatment was significantly
lower than that in the initial and control (ANOVA, p < 0.05), indicating that the aggregation
process enhanced the consumption of PHNA.

The initial DHNA concentration was 2.37 ± 0.06 µM (Table 1), which is equivalent to
13.65 ± 0.48 µM-C, comprising 14.6 ± 0.4% of DOC. The DHNA concentration in the control
of AP was 2.25 ± 0.04 µM (Table 1), which is equivalent to 12.96 ± 0.26 µM-C, comprising
14.4 ± 0.3% of DOC. The DHNA concentration in the treatment of AP was 2.15 ± 0.05 µM
(Table 1), which is equivalent to 12.41 ± 0.28 µM-C, comprising 14.2 ± 0.2% of DOC.

The DHNA concentration in the control was significantly lower than that in the
initial (ANOVA, p < 0.05), indicating the microbial degradation of DHNA. The DHNA
concentration in the treatment was lower than that in the initial and control (ANOVA,
p < 0.05), indicating that the aggregation process either enhanced the consumption of
DHNA in the treatment or transferred from the dissolved to the particulate phase. The
C-yield from DHNA in the control was lower than that in the initial (ANOVA, p < 0.05).
The C-yield form of DHNA in the treatment was lower than that in the control and initial
(ANOVA, p < 0.05). The decrease of C-yields in the control and treatment indicated that
microorganisms selectively consumed DHNA rather than other DOC or that DHNA was
selectively transferred from the dissolved to the particulate phase.

2.1.7. Changes in Bulk Neutral Aldoses in TR Samples

The initial PHNA concentration was 617 ± 15 nM (Table 1), which is equivalent to
3.55 ± 0.22 µM-C and 14.6 ± 0.3% of POC. The PHNA concentration in the control was
444 ± 12 nM (Table 1), which is equivalent to 2.56 ± 0.22 µM-C and 12.9 ± 0.3% of POC.
The PHNA concentration in the treatment was 572 ± 29 nM (Table 1), which is equivalent
to 3.32 ± 0.32 µM-C and 15.2 ± 0.7% of POC.

The PHNA concentration in the control was significantly lower than in the initial
samples (ANOVA, p < 0.05), indicating the microbial degradation of PHNA. The PHNA
C-yield in the control was significantly lower than in the initial and treatment samples
(ANOVA, p < 0.05), indicating selective microbial degradation of PHNA. The PHNA
concentration in the treatment was significantly higher than in the control (ANOVA,
p < 0.05), indicating the accumulation of PHNA in the treatment compared to the control.

The initial DHNA concentration was 2.96 ± 0.09 µM (Table 1), which is equivalent to
17.26 ± 0.53 µM-C and 8.3 ± 0.3% of DOC. The DHNA concentration in the control was
2.80 ± 0.10 µM (Table 1), which is equivalent to 16.80 ± 0.58 µM-C and 10.2 ± 0.4%. The
DHNA concentration in the treatment was 2.91 ± 0.06 µM (Table 1), which is equivalent to
16.95 ± 0.33 µM-C and 11.1 ± 0.2% of DOC.

Contrary to AP, there was no statistical difference in DHAA concentrations among the
initial, control, and treatment (ANOVA, p > 0.05). Although total concentrations of DHNA
were similar, the C-yields significantly increased from the initial to the control and the
treatment (ANOVA, p < 0.05), indicating selective degradation of DOC rather than DHNA.

2.1.8. Compound-Specific Amino Acid Concentrations

In general, alanine (Ala), aspartic acid (Asp), glutamic acid (Glu), and glycine (Gly)
were the most abundant amino acids in PHAA, both in AP and TR (Table 2). Asp was the
most abundant amino acids in the particulate phase in AP (~13%), but Ala was the most



Gels 2022, 8, 836 6 of 16

abundant amino acids in TR (14–15%). These four amino acids comprised a narrow range
of percentage in PHAA in three groups, both in AP and TR, which accounted for 46–48%
of PHAA.

Table 2. Mol fraction of amino acids. Abbreviations: ALA: alanine; ARG: arginine; ASP: aspartic acid;
GLU: glutamic acid; GLY: Glycine; HIS: histidine; ILE: isoleucine; LEU: leucine; MET: methionine;
PHE: phenylalanine; SER: serine; THR: threonine; TYR: tyrosine; BALA: β-alanine; AP: coastal Avery
Point site; TR: estuarine Thames River site. Initial denotes the field data; treatment denotes samples
after two days of rolling; and control denotes samples incubated for two days without rolling. Each
sample had triplicates.

Station Sample Group
ALA ARG ASP GLU GLY HIS ILE LEU MET PHE SER THR TYR BALA
(%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%)

AP

Particulate
Initial 10.6 6.7 13.3 11.7 11.0 1.8 4.6 7.9 6.7 4.6 7.5 8.1 0.6 4.9

Control 9.8 6.9 13.3 11.4 11.0 2.1 4.7 8.3 6.8 4.6 7.6 7.7 0.8 5.0
Treatment 10.5 6.4 13.7 11.7 11.2 2.0 4.8 8.4 6.8 4.6 7.7 7.7 0.3 4.2

Dissolved
Initial 11.2 6.0 13.2 11.4 11.0 2.1 5.2 7.8 5.1 4.4 8.3 7.8 2.2 4.3

Control 11.0 6.6 12.5 11.3 10.6 2.2 5.2 8.7 5.1 4.2 8.2 8.2 2.1 4.1
Treatment 10.8 6.9 12.7 11.1 10.5 2.0 5.2 9.0 5.1 3.7 8.2 8.6 1.9 4.2

TR

Particulate
Initial 14.0 7.1 12.2 10.0 10.3 1.6 5.1 7.9 10.4 3.8 7.4 9.1 1.1 -

Control 13.8 7.8 13.0 10.2 9.3 1.3 4.4 7.8 12.0 3.9 6.8 9.5 0.1 -
Treatment 15.3 7.4 12.8 10.3 9.5 1.2 4.5 8.1 11.7 3.7 7.2 8.3 - -

Dissolved
Initial 11.6 6.1 15.3 9.6 11.7 3.6 6.0 8.0 4.5 3.9 8.2 6.6 1.9 2.9

Control 11.7 6.4 15.0 9.5 11.4 3.3 5.5 8.2 5.0 4.0 8.2 7.3 1.7 2.8
Treatment 11.9 6.0 14.8 9.4 12.0 3.0 5.0 8.2 6.0 4.0 8.3 7.0 2.0 2.5

Similar to PHAA, Ala, Asp, Glu, and Gly were the most abundant amino acids in
DHAA (Table 2). Asp was the most abundant DHAA in both AP and TR (13% and 15%,
respectively). These four amino acids accounted for 45–47% and ~48% of DHAA in AP and
TR, respectively.

2.1.9. Compound-Specific Neutral Aldose Concentrations in AP Samples

In general, glucose and galactose were the most abundant PHNA. The particulate
mol fractions of glucose and galactose in the initial were 35.8 ± 1.3% and 20.8 ± 0.7%,
respectively (Table 3). The particulate mol fractions of glucose and galactose significantly
decreased in the control and treatment (ANOVA, p < 0.05), indicating the selective con-
sumption of glucose and galactose. The particulate mol fractions of neutral aldose other
than glucose and galactose in AP increased in the control and treatment (ANOVA, p < 0.05)
due to the huge mol fraction decrease of glucose and galactose.

Table 3. Mol fraction of neutral aldose. Abbreviations: AP: coastal Avery Point site; TR: estuarine
Thames River site. Initial denotes the field data; treatment denotes samples after two days of rolling;
and control denotes samples incubated for two days without rolling. Each sample had triplicates.

Station Sample Group
Fucose Rhamnose Arabinose Galactose Glucose Mannose Xylose

(%) (%) (%) (%) (%) (%) (%)

AP

Particulate
Initial 9.4 7.0 8.4 20.8 35.8 9.5 9.0

Control 10.6 9.9 10.7 17.7 23.3 11.5 16.3
Treatment 10.5 9.5 10.4 17.3 24.5 11.3 16.7

Dissolved
Initial 11.6 10.0 11.1 17.7 24.9 12.3 12.6

Control 11.8 10.3 10.3 17.4 24.6 12.7 12.9
Treatment 11.5 9.8 10.7 18.5 24.9 12.1 12.5

TR

Particulate
Initial 7.2 6.8 8.8 13.4 42.9 8.0 13.0

Control 7.7 7.5 7.9 13.4 41.7 8.0 13.7
Treatment 7.6 7.4 8.9 14.8 37.2 8.9 15.2

Dissolved
Initial 8.1 9.3 7.0 12.5 37.4 15.5 10.3

Control 8.0 9.1 6.9 12.7 38.4 15.0 9.8
Treatment 8.7 9.7 7.3 12.7 35.6 15.8 10.2
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Glucose was the most abundant DHNA in this study, which accounted for
24.9 ± 2.0% of DHNA in the initial of AP and 24.6 ± 0.8% and 24.9 ± 0.5% in the control and
treatment, respectively (Table 3). Galactose was also abundant in DHNA in AP: the DHNA
mol fraction of galactose ranged from 17.4 to 18.5%. There was no statistical difference in
DHNA mol fractions among the initial, control, and treatment groups (ANOVA, p > 0.05).

2.1.10. Compound-Specific Neutral Aldose Concentrations in TR Samples

The PHNA mol fractions of glucose and galactose in the initial samples were
31.8 ± 1.4% and 15.0 ± 0.8%, respectively (Table 3). Contrary to AP, the PHNA mol frac-
tions of glucose and galactose significantly increased in the control and treatment (ANOVA,
p < 0.05), indicating that glucose and galactose were biorecalcitrant. The PHNA mol fractions
of aldoses other than glucose and galactose in the treatment were significantly lower than
those in the initial samples (ANOVA, p < 0.05), indicating selective microbial degradation.

Glucose accounted for 37.4 ± 0.7% of DHNA in the initial samples and 38.4 ± 1.6%
and 35.6 ± 0.8% in the control and treatment, respectively (Table 3). Glucose, mannose, and
galactose accounted for 64.2 to 65.4% of DHNA. The DHNA mol fraction of glucose in the
treatment was slightly but significantly lower than that in the initial and control (ANOVA,
p < 0.05), indicating selectively microbial degradation of glucose or selective transfer of
glucose to the particulate phase.

2.1.11. Bacterial Abundance

Bacterial abundance in AP samples was 3.44 ± 0.95 × 105 cell ml−1, 2.58± 0.59× 105 cell ml−1,
and 2.25 ± 0.68 × 105 cell ml−1 in the initial, control, and treatment, respectively. Bacterial
abundance was not significantly different among the initial, control, and treatment samples
from AP (ANOVA, p > 0.05). Using the bacterial cellular carbon content of 20 fg [27],
this abundance equates to 0.57 ± 0.16 µM-C, 0.43 ± 0.10 µM-C, and 0.37 ± 0.11 µM-C of
bacterial biomass in the initial, control, and treatment samples, respectively.

Bacterial abundance in TR samples was 7.21 ± 0.70 × 105 cell ml−1, 5.81± 1.16× 105 cell ml−1,
and 5.45 ± 0.99 × 105 cell ml−1 in the initial, control, and treatment, respectively. Using the same
bacterial carbon conversion factor of 20 fg bacterium−1 above [27], this abundance equates
to 1.20 ± 0.12 µM-C. 0.97 ± 0.19 µM-C, and 0.91 ± 0.16 µM-C of bacterial biomass in
the initial, control, and treatment samples, respectively. Similar to AP, bacterial abundance
was not significantly different among the initial, control, and treatment from TR (ANOVA,
p > 0.05).

2.2. Discussion
2.2.1. Aggregation of Bulk Organic Matter

In this study, we evaluated the abiotic aggregation of OM through a roller table using
the following two terms:

Net aggregation ≡ Treatment concentration − Initial concentration (1)

Gross aggregation ≡ Treatment concentration − Control concentration (2)

The net aggregation was negative in both AP and TR (−10.40 µM-C in AP and
−2.37 µM-C in TR; Table 1). A negative net aggregation indicated that the amount of
POC consumed by bacteria and dissociated by physical processes was larger than the
amount of aggregated POC and associated bacterial biomass. Gross aggregation was
positive in both AP and TR (+1.50 µM-C in AP and +2.08 µM-C in TR). A positive gross
aggregation indicated that the collision mechanism provided by the roller table enhanced
the aggregation of POC. Although we may observe a huge decrease in POC (−35.9% in
AP and −9.8% in TR), the collision did enhance a significant gross aggregation of POC
(+5.2% in AP and +8.6% in TR).

We are also interested in the fate of organic matter. A descriptive cartoon shows
where the organic matter goes (see Figure 7 in [25]). In general, most disappearing organic
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matter in a closed system is due to respiration (paths 1 and 4). Aggregation processes may
enhance the consumption of organic matter (paths 2 and 5). At the same time, aggregation
processes can also transfer DOM to the particulate, which would lead to a concentration
decrease in the dissolved phase and a concentration increase in the particulate phase
(paths 3 and 6). In this cartoon, the disaggregation process was neglected because it occurs
only in high turbulent conditions [28–30]. In AP experiment, 65.8% of disappeared DOC
was transferred to POC and 34.2% of disappeared DOC was respired. In TR experiment,
only 5.7% of disappeared DOC was transferred to POC, and most disappeared DOC was
respired. The high percentage of respired DOC in TR indicated a more biologically-labile
DOC in estuarine TR water.

Bacteria and their subsequent colonization on aggregated materials may contribute
to different fractions in POC. In this study, bacterial biomass contributed 2.0 to 2.5% of
POC in AP, whereas it accounted for 4.2 to 5.0% of POC in TR. Note that the widely used
bacterial carbon conversion factor in this study could be as much as a 40% underestimation
of bacterial biomass in coastal environments [31].

2.2.2. Changes in Biologically Labile Organic Components

Concentrations of PHAA in the control decreased from the initial, indicating the
microbial degradation of PHAA. A positive gross aggregation of PHAA has been observed
both in AP and TR, indicating that the accumulation of PHAA due to collision is stronger
than the subsequent microbial consumption of PHAA. The gross aggregation of PHAA
was 60 nM in AP and 43 nM in TR (Table 1), which accounted for 7.4% and 8.4% of the
initial PHAA in AP and TR, respectively. The C- and N-yields of PHAA in the control and
treatment of AP increased from the initial, indicating microorganisms preferentially used
other POM rather than PHAA.

Concentrations of DHAA in the control decreased from the initial (Table 1), indicating
the microbial degradation of DHAA. The concentration of DHAA in the treatment was
lower than that in the control (Table 1), indicating either the transfer of DHAA to PHAA
or an enhancement of the microbial degradation of DHAA during aggregation. The
concentration difference of DHAA between the control and treatment in AP was 96 nM,
and the aggregated PHAA in AP was 60 nM, indicating that the enhancement of microbial
consumption of DHAA occurred with the aggregation of OM. The concentration difference
of DHAA between the control and treatment in TR was 50 nM, and the aggregated PHAA
in TR was 43 nM, indicating that the concentration difference of DHAA could be majorly
transferred to the particulate phase. In AP experiment, 62.5% of disappeared DHAA was
transferred to POC and 37.5% of disappeared DOC was respired. In TR experiment, 86.0%
of disappeared DHAA was transferred to PHAA and only 14% of disappeared DOC was
respired. The results imply that the aggregation process may favor the accumulation of
amino acids more than respiration. The decrease in C- and N-yields in the treatment
of AP indicated a preference for microbial consumption of DHAA. The C- and N-yields
in the control and treatment of TR were higher than those in the initial, indicating that
microorganisms preferentially use other DOM rather than DHAA.

Concentrations of PHNA in the control decreased from the initial, also indicating
the microbial consumption of PHNA. A negative gross aggregation of PHNA occurred in
AP. The gross aggregation of PHNA in AP was −43 nM, indicating that microorganisms
consumed 18% more PHAA with the existence of aggregation compared to the control
samples. Conversely, a positive gross aggregation of PHNA occurred in TR. The net
aggregation of PHNA in TR was 128 nM, which accounted for an increase of 20.7% in the
initial PHNA.

Concentrations of DHNA in the control of AP decreased from the initial, indicating
that the microorganisms used DHNA as their carbon source. The DHNA in the treatment
of AP was 95 nM lower than that in the control, indicating that the collision in the treatment
group enhanced the microbial consumption of DHNA. The greater consumption of PHNA
and DHNA in AP could be due to the limitation of organic carbon (particulate C/N ratio



Gels 2022, 8, 836 9 of 16

is <6 in the system). Neutral aldose served as a good carbon source for the microbial
community. Contrary to AP, greater consumption of DHNA in the treatment has not been
observed. The concentration of DHNA in the treatment of TR was similar to that in the
control. The next question is which process contributes to the gross aggregation of 128 nM
in PHNA? Bacterial colonization was ruled out due to the decrease in bacterial abundance.
The phase transfer from the DHNA to the PHNA was more likely the possible process.
However, the insignificant concentration difference in DHNA between the control and
treatment groups remained unclear.

2.2.3. Changes in Uncharacterized Organic Components

The collision mechanism also enhanced the accumulation of uncharacterized OM. The
gross aggregation of uncharacterized OM in AP was 1.24 µM-C (Figure 1 and Table 1),
which accounted for 4.3% of the initial POC. The gross aggregation of uncharacterized OM
in TR was 1.12 µM-C (Figure 1 and Table 1), which accounted for 4.6% of the initial POC.
The gross aggregation of uncharacterized OM is possibly the refractory DOM transferred
to the particulate phase.
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Figure 1. Chemical composition of particulate organic carbon (POC). (A) Avery Point station (AP);
(B) Thames River station (TR). PHAA denotes particulate hydrolysable amino acids. PHNA denotes
particulate hydrolysable neutral aldose. Uncharacterized OM denotes uncharacterized organic matter.
Initial denotes the field data; treatment denotes samples after two days of rolling; and control denotes
samples incubated for two days without rolling.

The uncharacterized DOM in the treatment was lower than that in the control. The
uncharacterized DOM in the treatment of AP was 1.27 µM-C lower than that in the control,
in which 97.6% was transferred to the particulate phase. The uncharacterized DOM in
the treatment of TR was 36.25 µM-C lower than that in the control, in which only 3.1%
was transferred to the particulate phase. About 97% of disappeared uncharacterized
DOM (~35 µM-C) was respired, indicating that the aggregation process may enhance the
uncharacterized DOM more biologically available. The gross aggregation of POC was
predominantly uncharacterized. Uncharacterized POM accounted for 83% of the gross
aggregation of POC in AP and 54% in TR, indicating that the aggregation process favors
the accumulation of uncharacterized OM.

2.2.4. Microbial Responses

In this study, bacterial abundance showed no significant difference among the ini-
tial, control, and treatment groups in both AP and TR stations, which was contradictory
to previous findings of an increase of bacterial abundance during the aggregation of
OM [32–34]. No significant change in bacterial abundance during the experiments could
be due to the high mortality of bacteria from protozoa grazing and viral lysis [35,36]. The
average protozoa grazing rate was 5.8 × 104 cell bacteria m−1 h−1 in rivers and 2.9 to
4.7 × 104 cell bacteria m−1 h−1 in seawaters [37]. The protozoa grazing could consume
5 to 250% of the bacterial population on a daily basis in marine waters [38]. Further-
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more, viral lysis could also account for substantial bacterial mortality, up to 40% [39,40].
However, the planktonic community respirations (CR) did show differences (Table 4).
Planktonic CR has been widely used to evaluate heterotrophic activity [41–43]. In general,
bacterial respiration accounts for about 40% of CR; algal respiration contributes about 35%
of CR; and the rest of 25% is consumed by metazoan heterotrophs [44]. In a close system,
CR can be calculated by the change in total organic carbon (TOC = POC + DOC) divided
by a unit of time (i.e., CRcontrol = (TOCinitial − TOCcontrol)/Experimental duration;
CRtreatment = (TOCinitial − TOCtreatment)/Experimental duration). CRcontrol in coastal AP
water (95 mg-C m−3 d−1) was lower than that in estuarine TR water (290 mg-C m−3 d−1;
Table 4). CRcontrols were in a reasonable range. Previous studies reported that the CR could
be more than 400 mg-C m−3 d−1 in the mouth of Yangtze River, China in early summer,
where the salinity was ~30 psu [42], 49 to 3505 mg-C m−3 d−1 in Florida estuaries, USA [45],
and 131 to 747 mg-C m−3 d−1 in Hudson River, NY, USA [46]. CR in treatment groups
was higher than that in control groups (Table 4). CRtreatment was 5.4% higher than CRcontrol
in AP and CRtreatment was 70.8% higher than CRcontrol in TR. The results indicated that
the aggregation of OM enhanced subsequent microbial activity, which is consistent with
previous findings [32,33], especially in estuarine TR waters.

Table 4. Planktonic community respiration of organic carbon. Abbreviations: AP: coastal Avery
Point site; TR: estuarine Thames River site. Treatment denotes samples after two days of rolling, and
control denotes samples incubated for two days without rolling.

Station
Planktonic Community Respiration

(mgC m−3 d−1)

Control Treatment

AP 94.9 100.0
TR 290.0 495.4

The enrichment factor (EF) is a good aid in understanding a process effect for a specific
component. EF could be calculated as EFX, control =

[X]control
[X]initial

and EFX, treatment =
[X]treatment
[X]initial

.
If EF > 1, it indicates that the process tends to accumulate the given component. On

the other hand, an EF < 1 indicates that the process favors the consumption of the given
component. If EF = 1, it indicates that the process doesn’t favor either accumulation or
consumption of the given component. EFs of PHNA are displayed in Table 5. In general,
EFcontrols of PHNA were less than 1 in AP, except rhamnose and xylose, indicating microbial
degradation of PHNA (Table 5). EFs in glucose and galactose in AP were lower than those
in the other aldoses, indicating the selective microbial degradation of glucose and galactose.
Because of the greater consumption of glucose and galactose, the mol fractions of glucose
and galactose in control and treatment decreased from the initial in AP.

Table 5. Enrichment factor (EF) on particulate hydrolysable neutral aldose (PHNA). Abbreviations:
AP: coastal Avery Point site; TR: estuarine Thames River site. Treatment denotes samples after two
days of rolling, and control denotes samples incubated for two days without rolling.

AP TR
Control Treatment Control Treatment

Fucose 0.80 0.74 0.54 0.68
Rhamnose 1.01 0.90 0.62 0.62
Arabinose 0.90 0.82 0.65 0.63
Galactose 0.60 0.55 0.76 1.23
Glucose 0.46 0.45 0.77 1.12

Mannose 0.87 0.78 0.75 0.84
Xylose 1.29 1.23 0.74 0.80

Overall 0.72 0.67 0.72 0.93
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EFcontrols of PHNA were also less than 1 in TR (Table 5). The lowest EF in fucose
indicated microbial selective degradation in fucose in TR. EFtreatment in galactose and
glucose was larger than 1, indicating the accumulation of glucose and galactose. Because of
the accumulation of glucose and galactose, the mol fractions of glucose and galactose in
the treatment increased from the initial and control in TR. Microbes affected glucose and
galactose in opposite directions in coastal AP waters and estuarine TR waters. This could
be due to substrate dependency differing from system to system and leading to the great
complexity of organic substrate dynamics.

3. Conclusions

The goal of his study was to investigate the collision effect on the aggregation of OM
and the subsequent alterations of chemical characteristics in coastal and estuarine waters
using a roller table. The mixed collision mechanism of shear and differential sedimentation
enhanced the gross aggregation of POC, and the subsequent microbial degradation led
to a negative net aggregation of POC in both AP and TR. Although bacterial abundance
remained in a narrow range during the experiment, planktonic community respiration
showed that aggregation of OM enhanced subsequent microbial activity. The collision is
likely to aggregate biologically-labile organic matter (amino acids and neutral aldose in
this study). However, in a C-limited system (low C/N ratio), neutral aldose is selectively
consumed rather than aggregated. The collision also led to a gross aggregation of unchar-
acterized POM transferred from uncharacterized DOM. The aggregated, uncharacterized
POM is possibly biologically refractory. EF analysis and C- and N-yields indicated that
organic substrate dynamics are complicated.

4. Material and Methods
4.1. Study Sites and Field Sampling

Surface water samples were collected in May of 2010 at two sites in the eastern
Long Island Sound, Connecticut, USA (Figure 2): (1) the coast of Avery Point, CT, USA
(salinity ~30 psu; denoted AP); (2) the Thames River estuary in CT, USA (salinity ~5 psu;
denoted TR). A handheld water meter (YSI 85, Yellow Springs, OH, USA) was used for
the determination of in situ temperature and salinity. Water samples were collected using
acid-washed 5-L Niskin bottles (General Oceanics, Miami, FL, USA), pre-filtered through a
200-µm-mesh net, stored in an acid-washed plastic bag, and transported in sheltered and
cool conditions to the laboratory.

Gels 2022, 8, 836 12 of 16 
 

 

 
Figure 2. Study area and sampling sites. The red star denotes the coastal site of Avery Point (AP), 
while the yellow star denotes the estuarine site of the Thames River (TR). 

4.2. Experimental Design 
The water samples were divided into three groups. In situ seawater was presented 

as the initial group. The experimental treatment consisted of seawater placed in 150-mL 
muffled glass bottles rotating on a roller table at a speed of 8 rpm (revolutions per minute) 
for 48 h in the dark. Seawater placed in 150 mL of muffled glass bottles for 48 h in the dark 
without rotation served as the control. 

4.3. Chemical and Biological Determinations 
A GF/F filter (Whatman, Chicago, IL, USA) with a nominal pore size of 0.7 µm was 

set as the operational cut-off of the particulate and dissolved forms. Particulate samples 
retained on individual pre-combusted GF/F filters were collected as replicate subsamples 
(100–150 mL) and kept frozen at −20 °C until the analysis. Dissolved samples were col-
lected from the pre-combusted filtrate in 22-mL muffled glass vials and stored at −20 °C 
until the further analysis. 

4.3.1. Determination of POC and Particulate Organic Nitrogen (PON) Concentrations 
After acidification with 10% HCl, POC, and PON concentrations were determined 

using a CHN elemental analyzer (Carlo-Erba, Waltham, MA, USA). POC and PON con-
centration determinations were standardized using a 7-point calibration curve of acetani-
lide (C8H9NO) in the range of 0.07 to 1.50 mg (R2 > 0.999). POC and PON concentrations 
were obtained by dividing the total C and N on each filter by the filtered volume of sea-
water. All POC and PON determinations were carried out in triplicate. 

4.3.2. Determination of DOC and Total Dissolved Nitrogen (TDN) 
DOC concentrations were determined using the high temperature catalytic oxidation 

(HTCO) method on a TOC-V analyzer (Shimadzu, Kyoto, Japan) equipped with an auto-
matic sample injection system [47]. DOC concentration determinations were standardized 
using a 7-point calibration curve of potassium hydrogen phthalate (C6H4·COOK·COOH) 
in the range of 0 to 500 µM-C (R2 > 0.999). All DOC concentration determinations were 
carried out in triplicate. TDN concentrations were determined simultaneously on a Shi-

Figure 2. Study area and sampling sites. The red star denotes the coastal site of Avery Point (AP),
while the yellow star denotes the estuarine site of the Thames River (TR).



Gels 2022, 8, 836 12 of 16

4.2. Experimental Design

The water samples were divided into three groups. In situ seawater was presented
as the initial group. The experimental treatment consisted of seawater placed in 150-mL
muffled glass bottles rotating on a roller table at a speed of 8 rpm (revolutions per minute)
for 48 h in the dark. Seawater placed in 150 mL of muffled glass bottles for 48 h in the dark
without rotation served as the control.

4.3. Chemical and Biological Determinations

A GF/F filter (Whatman, Chicago, IL, USA) with a nominal pore size of 0.7 µm was
set as the operational cut-off of the particulate and dissolved forms. Particulate samples
retained on individual pre-combusted GF/F filters were collected as replicate subsamples
(100–150 mL) and kept frozen at −20 ◦C until the analysis. Dissolved samples were collected
from the pre-combusted filtrate in 22-mL muffled glass vials and stored at −20 ◦C until the
further analysis.

4.3.1. Determination of POC and Particulate Organic Nitrogen (PON) Concentrations

After acidification with 10% HCl, POC, and PON concentrations were determined
using a CHN elemental analyzer (Carlo-Erba, Waltham, MA, USA). POC and PON concen-
tration determinations were standardized using a 7-point calibration curve of acetanilide
(C8H9NO) in the range of 0.07 to 1.50 mg (R2 > 0.999). POC and PON concentrations were
obtained by dividing the total C and N on each filter by the filtered volume of seawater.
All POC and PON determinations were carried out in triplicate.

4.3.2. Determination of DOC and Total Dissolved Nitrogen (TDN)

DOC concentrations were determined using the high temperature catalytic oxidation
(HTCO) method on a TOC-V analyzer (Shimadzu, Kyoto, Japan) equipped with an auto-
matic sample injection system [47]. DOC concentration determinations were standardized
using a 7-point calibration curve of potassium hydrogen phthalate (C6H4·COOK·COOH) in
the range of 0 to 500 µM-C (R2 > 0.999). All DOC concentration determinations were carried
out in triplicate. TDN concentrations were determined simultaneously on a Shimadzu
TOC-V analyzer equipped with a pyrochemoluminescence detector. TDN concentration
determinations were standardized using a 7-point calibration curve of potassium nitrate
solution in the range of 0 to 100 µM (R2 > 0.998). All TDN concentration determinations
were carried out in triplicate.

4.3.3. Determination of Amino Acids

Total hydrolysable amino acids (THAA) were hydrolyzed with concentrated HCl and
determined on high-pressure liquid chromatography (HPLC; HP, Santa Clara, CA, USA)
using a C-18 column and a methanol/acetonitrile mobile phase [48–50]. The procedure
for hydrolysis and separation is described in detail in Svensson et al. (2004) [50]. In short,
a 2 mL water sample (for dissolved hydrolysable amino acid determinations; DHAA) or a
GF/F filter and 2 mL of Milli-Q water (for particulate hydrolysable amino acid determina-
tions; PHAA), 2 mL of 10.5 M HCl, 20 µL of 11 mM ascorbic acid, and 12 µL of a mixed
standard (DL-α-aminoadipic acid, DL-α-fluorophenylalanine, and 5-hydroxy-DL-lysine
hydrate; 1 mM each) were added to a 10-mL ampoule. The ampoule was purged with
nitrogen, sealed, and hydrolyzed at 110 ◦C for 24 h. Concentrations of amino acids were
determined by HPLC with fluorescence detection after O-phthaldialdehyde derivatization.
The amino acid concentration determinations were standardized using a 5-point calibra-
tion curve in the range 0.05 to 10 µM of each amino acid (R2 > 0.997). All amino acid
determinations were carried out in triplicate.

4.3.4. Determination of Neutral Aldoses

Concentrations of individual neutral aldoses were determined according to Skoog
and Benner [51]. Briefly, 9 mL of filtered seawater (for dissolved hydrolysable neutral
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aldose determinations; DHNA) or a GF/F filter (for particulate hydrolysable neutral aldose
determinations; PHNA) was evaporated to dryness, and 1 mL of 72 w/w% H2SO4 was
added to the sample. Samples were placed in an ultrasonic bath for 15 min, and allowed
to sit for an additional 1 h and 45 min. After this time, 9 mL of Milli-Q water was added
to each sample, and the sample was then transferred to a muffled ampoule. The ampoule
was placed in a dry bath at 100 ◦C for 3 h. The hydrolysis was terminated by placing
the ampoule in an ice bath. Samples were neutralized by adding 1.44 g pre-combusted
CaCO3 in small aliquots, and 200 µL of deoxyribose (final conc. 200 nM) was added as
an internal standard. The sample was placed in an ultrasonic bath for 15 min, and the
supernatant was separated by centrifugation. The collected supernatant was deionized
using mixed anion (AG 2-X8, 20-50 mesh, Bio-Rad, Hercules, CA, USA) and cation (AG
50W-X8, 100–200 mesh, Bio-Rad) exchange resins. Concentrations of hydrolysable neutral
aldose were determined by high-performance anion exchange chromatography with pulsed
amperometric detection (HPAE-PAD) on a Dionex 500 system (Sunnyvale, CA, USA). The
neutral aldose concentration determinations were standardized using a 5-point calibration
curve in the range 0.1 to 1 µM for each aldose (R2 > 0.996). All neutral aldose determinations
were carried out in triplicate.

4.3.5. Determination of Inorganic Nutrients

Inorganic nutrients, including nitrate, nitrite, and phosphate, were determined for
the dissolved fractions only. Nitrate concentrations and reduction with cadmium-copper
filings to nitrite were determined using the diazo pink method [52]. Briefly, the produced
nitrite reacts with sulfanilamide in an acid solution. The resulting diazonium compound
was coupled with N-(1-naphthyl)-ethylenediamine dihydrochloride to form a colored azo
dye, and the absorbance was measured at 550 nm. A 1000 mg L−1 stock solution of nitrate
(Fisher Scientific, Waltham, MA, USA) was used to prepare an eight-point standard curve
ranging from 0 to 40 µM-N on the day of analysis (R2 > 0.998). Artificial seawater (ASW)
was used as a blank, preparing to a salinity of 30 psu using NaCl, MgSO4, NaHCO3, and
Milli-Q water. Nitrite concentrations were determined in the same way as nitrate without
the reduction process.

Phosphate concentrations were determined using the molybdenum-blue method [52].
Water samples were allowed to react with a composite reagent containing ammonium
molybdate, ascorbic acid, and antimony potassium tartrate. The resulting complex (antimony-
phospho-molybdate) was reduced to give a blue solution, and the absorbance was measured
at 880 nm. A 1000 mg L−1 stock solution of phosphate (Fisher Scientific) was used to
prepare a five-point standard curve ranging from 0 to 5 µM P on the day of analysis
(R2 > 0.999). ASW, as described above, was used as a blank. All nutrient determinations
were carried out on a SmartChem auto sampler (WestcoTM, Milford, MA, USA).

4.3.6. Determination of Bacterial Abundance

Bacterial abundance samples were collected in a 50-mL centrifuge tube, fixed with
formaldehyde (final conc. 1%), stained with acridine orange, and collected on 0.2-µm pore
size polycarbonate filters with pre-stained Irgalan-Black [53]. A direct count of bacterial
abundance was then performed using epifluorescence microscopy (Zeiss, Oberkochen,
Germany). All bacterial abundance samples were carried out in triplicate.

4.4. Data Analysis

JMP software (SAS, Cary, NC, USA) was used for statistical analysis. Data sets were
tested for homogeneity of variance and then analyzed by means of a two-way analysis of
variance (ANOVA) test using sample locations (AP and TR) and sample categories (Initial,
Control, and Treatment) as independent variables. The models were examined for main
effects as well as interaction effects. If the interaction term was significant, then the model was
divided, and two one-way ANOVAs were used to examine differences between water sample
categories within each location. If a one-way ANOVA was significant, then Tukey’s HSD
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test [54] was used to determine differences between water sample categories. Unless otherwise
indicated, the variation around each mean is presented as +/− 1 standard deviation.

Author Contributions: Conceptualization: A.S. and T.-Y.C.; methodology and data analysis: T.-Y.C.;
writing—original draft preparation: T.-Y.C.; funding: A.S. and T.-Y.C. All authors have read and
agreed to the published version of the manuscript.

Funding: This research was partially supported by the NSF of the USA (grant # OCE-0526358), a
University of Connecticut Research Foundation Small Grant awarded to A.S., and by grants from the
National Science and Technology Council of Taiwan (grants # 111-2611-M-019-013-) awarded to T.-Y.C.

Data Availability Statement: The data presented in this study are available in the article.

Acknowledgments: We would like to thank Evan Ward for providing the roller table and Jeff Godfrey
for the assistance in water sampling and the use of a small boat.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Quigg, A.; Santschi, P.H.; Burd, A.; Chin, W.C.; Kamalanathan, M.; Xu, C.; Ziervogel, K. From nano-gels to marine snow: A

synthesis of gel formation processes and modeling efforts involved with particle flux in the ocean. Gels 2021, 7, 114. [CrossRef]
[PubMed]

2. Santschi, P.H.; Chin, W.C.; Quigg, A.; Xu, C.; Kamalanathan, M.; Lin, P.; Shiu, R.F. Marine gel interactions with hydrophilic and
hydrophobic pollutants. Gels 2021, 7, 83. [CrossRef] [PubMed]

3. Gustafsson, Ö.; Gschwend, P.M. Aquatic colloids: Concepts, definitions, and current challenges. Limnol. Oceanogr. 1997, 42,
519–528. [CrossRef]

4. Kepkay, P.E. Colloids and the ocean carbon cycle. In Marine Chemistry; Wangersky, P.J., Ed.; Springer: Berlin/Heidelberg, Germany,
2000; pp. 35–56.

5. Guo, L.D.; Santschi, P.H. Composition and cycling of colloids in marine environments. Rev. Geophys. 1997, 35, 17–40. [CrossRef]
6. Benner, R.; Pakulski, J.D.; McCarthy, M.; Hedges, J.I.; Hatcher, P.J. Bulk chemical characteristics of dissolved organic matter in the

ocean. Science 1992, 255, 1561–1564. [CrossRef] [PubMed]
7. McCarthy, M.; Hedges, J.; Benner, R. Major biochemical composition of dissolved high molecular weight organic matter in

seawater. Mar. Chem. 1996, 55, 281–297. [CrossRef]
8. Shiu, R.F.; Chiu, M.H.; Vazquez, C.I.; Tsai, Y.Y.; Le, A.; Kagiri, A.; Xu, C.; Kamalanathan, M.; Bacosa, H.P.; Doyle, S.M.; et al.

Protein to carbohydrate (P/C) ratio changes in microbial extracellular polymeric substances induced by oil and Corexit. Mar.
Chem. 2020, 223, 103789. [CrossRef]

9. Simon, M.; Grossart, H.P.; Schweitzer, B.; Ploug, H. Microbial ecology of organic aggregates in aquatic ecosystems. Aquat. Microb.
Ecol. 2002, 28, 175–211. [CrossRef]

10. Grossart, H.-P.; Berman, T.; Simon, M.; Pohlmann, K. Occurrence and microbial dynamics of macroscopic organic aggregates
(lake snow) in Lake Kinneret, Israel, in fall. Aquat. Microb. Ecol. 1998, 14, 59–67. [CrossRef]

11. Wolanski, E.; Gibbs, R. Flocculation of suspended sediment in the Fly River estuary, Papua New Guinea. J. Coast. Res. 1995, 11,
754–762.

12. Mosley, L.; Liss, P.S. Particle aggregation, pH changes and metal behaviour during estuarine mixing: Review and integration.
Mar. Freshw. Res. 2020, 71, 300–310. [CrossRef]

13. Stumm, W.; Morgan, J.J. Aquatic Chemistry, 3rd ed.; John Wiley & Sons: New York, NY, USA, 1996; p. 1022.
14. Fox, L.E. The removal of dissolved humic acid during esturine mixing. Estua. Coast. Shelf Sci. 1983, 16, 431–440. [CrossRef]
15. Mari, X.; Torréton, J.-P.; Trinh, C.B.-T.; Bouvier, T.; Thuoc, C.V.; Lefebvre, J.-P.; Ouillon, S. Aggregation dynamics along a salinity

gradient in the Bach Dang estuary, North Vietnam. Estua. Coast. Shelf Sci. 2012, 96, 151–158. [CrossRef]
16. Sholkovitz, E.R. Flocculation of dissolved organic and inorganic matter during the mixing of river water and seawater. Geochim.

Cosmochim. Acta 1976, 40, 831–845. [CrossRef]
17. Gibbs, R.J.; Konwar, L.; Terchunian, A. Size of flocs suspended in Delaware Bay. Can. J. Fish. Aquat. Sci. 1983, 40, 102–104.

[CrossRef]
18. Alldredge, A.L. The carbon, nitrogen, and mass content of marine snow as a function of aggregate size. Deep-Sea Res. 1998, 45,

529–541. [CrossRef]
19. Alldredge, A.L.; Silver, M.W. Characteristics, dynamics and significance of marine snow. Prog. Oceanogr. 1988, 20, 41–82.

[CrossRef]
20. Jackson, G.A.; Lochmann, S. Modeling coagulation of algae in marine ecosystem. In Environmental Particles; Buffle, J., van

Leeuwen, H.P., Eds.; Lewis Publisher: Boca Raton, FL, USA, 1993; Volume 2, pp. 387–414.
21. Kiørboe, T.; Andersen, K.P.; Dam, H.G. Coagulation efficiency and aggregate formation in marine phytoplankton. Mar. Biol. 1990,

107, 235–245. [CrossRef]

http://doi.org/10.3390/gels7030114
http://www.ncbi.nlm.nih.gov/pubmed/34449609
http://doi.org/10.3390/gels7030083
http://www.ncbi.nlm.nih.gov/pubmed/34287300
http://doi.org/10.4319/lo.1997.42.3.0519
http://doi.org/10.1029/96RG03195
http://doi.org/10.1126/science.255.5051.1561
http://www.ncbi.nlm.nih.gov/pubmed/17820170
http://doi.org/10.1016/S0304-4203(96)00041-2
http://doi.org/10.1016/j.marchem.2020.103789
http://doi.org/10.3354/ame028175
http://doi.org/10.3354/ame014059
http://doi.org/10.1071/MF19195
http://doi.org/10.1016/0272-7714(83)90104-X
http://doi.org/10.1016/j.ecss.2011.10.028
http://doi.org/10.1016/0016-7037(76)90035-1
http://doi.org/10.1139/f83-273
http://doi.org/10.1016/S0967-0637(97)00048-4
http://doi.org/10.1016/0079-6611(88)90053-5
http://doi.org/10.1007/BF01319822


Gels 2022, 8, 836 15 of 16

22. Engel, A.; Thoms, S.; Riebesell, U.; Rochelle-Newall, E.; Zondervan, I. Polysaccharide aggregation as a potential sink of marine
dissolved organic carbon. Nature 2004, 428, 929–932. [CrossRef]

23. Unanue, M.A.; Azua, I.; Arrieta, J.M.; Herndl, G.J.; Iriberri, J. Laboratory-made particles as a useful approach to analyse microbial
processes in marine aggregates. FEMS Microbiol. Ecol. 1998, 26, 325–334. [CrossRef]

24. Mopper, K.; Zhou, J.; Sri Ramana, K.; Passow, U.; Dam, H.G.; Drapeau, D.T. The role of surface-active carbohydrates in the
flocculation of a diatom bloom in a mesocosm. Deep-Sea Res. II 1995, 42, 47–73. [CrossRef]

25. Chen, T.-Y.; Skoog, A. Aggregation of organic matter in coastal waters: A dilemma of using a Couette flocculator. Cont. Shelf Res.
2017, 139, 62–70. [CrossRef]

26. Chen, T.-Y.; Skoog, A. Abiotic aggregation of organic matter in coastal and estuarine waters: Cases in the eastern Long Island
Sound, USA. Water 2021, 13, 3077. [CrossRef]

27. Lancelot, C.; Billen, G. Activity of heterotrophic bacteria and its coupling to primary production during spring phytoplankton
bloom in the southern bight of the North Sea. Limnol. Oceanogr. 1984, 29, 721–730. [CrossRef]

28. Burban, P.-Y.; Lick, W.; Lick, J. The flocculation of grained sediments in estuarine waters. J. Geophys. Res. 1989, 94, 8323–8330.
[CrossRef]

29. Spicer, P.T.; Pratsinis, S. Shear-induced floccultion: The evolution of floc structure and the shape of the size distribution at steady
state. Water Res. 1996, 30, 1049–1056. [CrossRef]

30. Tsai, C.-H.; Iacobellis, S.; Lick, W. Flocculation of fine-grained lake sediments due to a uniform shear stress. J. Great Lakes Res.
1987, 13, 135–146. [CrossRef]

31. Fukuda, R.; Ogawa, H.; Nagata, T.; Koike, I. Direct determination of carbon and nitrogen contents of natural bacterial assenblages
in marine environments. Appl. Environ. Microb. 1998, 64, 3352–3358. [CrossRef]

32. Kepkay, P.E.; Johnson, B.D. Coagulation on bubbles allows the microbial respiration of oceanic dissolved organic carbon. Nature
1989, 385, 63–65. [CrossRef]

33. Kepkay, P.E.; Johnson, B.D. Microbial response to organic particle generation by surface coagulation in seawater. Mar. Ecol. Prog.
Ser. 1988, 48, 193–198. [CrossRef]

34. Engel, A.; Meyerhöfer, M.; von Bröckel, K. Chemical and biological composition of suspended particles and aggregates in the
Baltic Sea in summer (1999). Estua. Coast. Shelf Sci. 2002, 55, 729–741. [CrossRef]

35. Fuhrman, J.A. Impact of viruses on bacterial processes. In Microbial Ecology of the Oceans; Kirchman, D.L., Ed.; John Wiley & Sons,
Inc.: New York, NY, USA, 2000; pp. 327–350.

36. Strom, S.L. Bacterivory: Interactions between bacteria and their grazers. In Microbial Ecology of the Oceans; Kirchman, D.L., Ed.;
John Wiley & Sons, Inc.: New York, NY, USA, 2000; pp. 351–386.

37. Vaqué, D.; Gasol, J.M.; Marrasé, C. Grazing rates on bacteria: The significance of methodology and ecological factors. Mar. Ecol.
Prog. Ser. 1994, 109, 263–274. [CrossRef]

38. McManus, G.B.; Fuhrman, J.A. Control of marine bacterioplankton populations: Measurement and significance of grazing.
Hydrobiologia 1988, 159, 51–62. [CrossRef]

39. Fuhrman, J.A.; Nobel, R.T. Viruses and protists cause similar bacterial mortality in coastal seawater. Limnol. Oceanogr. 1995, 40,
1236–1242. [CrossRef]

40. Steward, G.F.; Smith, D.C.; Azam, F. Abundance and production of bacteria and viruses in the Bering and Chukchi Seas. Mar.
Ecol. Prog. Ser. 1996, 131, 287–300. [CrossRef]

41. Hopkinson, C.S.; Sherr, B.; Wiebe, W.J. Size fractionated metabolism of voastal nicrobial plankton. Mar. Ecol. Prog. Ser. 1989, 51,
155–166. [CrossRef]

42. Chen, C.-C.; Shiah, F.-K.; Chiang, K.-P.; Gong, G.-C.; Kemp, W.M. Effect of the Changjiang (Yangtze) River discharge on panktonic
community respiration in the East China Sea. J. Geophys. Res. 2009, 114, C03005.

43. Kemp, P.F.; Falkowski, P.G.; Flagg, C.N.; Phoel, W.C.; Smith, S.L.; Wallace, D.W.R.; Wirick, C.D. Modeling vertical oxygen and
carbon flux during stratified spring and summer conditions on the continental shelf, Middle Atlantic Bight, eastern USA. Deep-Sea
Res. II 1994, 41, 629–655. [CrossRef]

44. Williams, P.J.l.B. Heterotrophic bacteria and the dynamics of dissolved organic matter. In Microbial Ecology of the Oceans; Kirchman,
D.L., Ed.; John Wiley & Sons, Inc.: New York, NY, USA, 2000; pp. 153–200.

45. Coffin, R.B.; Connolly, J.P.; Harris, P.S. Availability of dissolved organic carbon to bacterioplankton examined by oxygen utilization.
Mar. Ecol. Prog. Ser. 1993, 101, 9–22. [CrossRef]

46. Findlay, S.; Pace, M.L.; Lints, D.; Howe, K. Bacterial metabolism of organic carbon in the tidal freshwater Hudson Estuary. Mar.
Ecol. Prog. Ser. 1992, 89, 147–153. [CrossRef]

47. Benner, R.; Strom, M. A critical evaluation of the analytical blank associated with DOC measurements by high-temperature
catalytic oxidation. Mar. Chem. 1993, 41, 153–160. [CrossRef]

48. Keil, R.G.; Kirchman, D.L. Contribution of dissolved free amino acids and ammonium to the nitrogen requirements of het-
erotrophic bacterioplankton. Mar. Ecol. Prog. Ser. 1991, 73, 1–10. [CrossRef]

49. Keil, R.G.; Kirchman, D.L. Dissolved combined amino acids: Chemical form and utilization by marine bacteria. Limnol. Oceanogr.
1993, 38, 1256–1270. [CrossRef]

50. Svensson, E.; Skoog, A.; Amend, J.P. Concentration and distribution of dissolved amino acids in a shallow hydrothermal system,
Vulcano Island (Italy). Org. Geochem. 2004, 35, 1001–1014. [CrossRef]

http://doi.org/10.1038/nature02453
http://doi.org/10.1111/j.1574-6941.1998.tb00517.x
http://doi.org/10.1016/0967-0645(95)00004-A
http://doi.org/10.1016/j.csr.2017.02.008
http://doi.org/10.3390/w13213077
http://doi.org/10.4319/lo.1984.29.4.0721
http://doi.org/10.1029/JC094iC06p08323
http://doi.org/10.1016/0043-1354(95)00253-7
http://doi.org/10.1016/S0380-1330(87)71637-2
http://doi.org/10.1128/AEM.64.9.3352-3358.1998
http://doi.org/10.1038/338063a0
http://doi.org/10.3354/meps048193
http://doi.org/10.1006/ecss.2001.0927
http://doi.org/10.3354/meps109263
http://doi.org/10.1007/BF00007367
http://doi.org/10.4319/lo.1995.40.7.1236
http://doi.org/10.3354/meps131287
http://doi.org/10.3354/meps051155
http://doi.org/10.1016/0967-0645(94)90038-8
http://doi.org/10.3354/meps101009
http://doi.org/10.3354/meps089147
http://doi.org/10.1016/0304-4203(93)90113-3
http://doi.org/10.3354/meps073001
http://doi.org/10.4319/lo.1993.38.6.1256
http://doi.org/10.1016/j.orggeochem.2004.05.005


Gels 2022, 8, 836 16 of 16

51. Skoog, A.; Benner, R. Aldoses in various size fractions of marine organic matter: Implications for carbon cycling. Limnol. Oceanogr.
1997, 42, 1803–1813. [CrossRef]

52. Parsons, T.R.; Maita, Y.; Lalli, C.M. A Manual of Chemical and Biological Methods for Seawater Analysis; Pergamon Press: New York,
NY, USA, 1984; p. 173.

53. Hobbie, J.E.; Daley, R.J.; Jasper, S. Use of nuclepore filters for counting bacteria by fluorescence microscopy. Appl. Environ. Microb.
1977, 33, 1225–1228. [CrossRef]

54. Gotelli, N.J.; Ellison, A.M. A Primer of Ecological Statistics; Sinauer Associates Inc.: Sunderland, MA, USA, 2004; p. 492.

http://doi.org/10.4319/lo.1997.42.8.1803
http://doi.org/10.1128/aem.33.5.1225-1228.1977

	Introduction 
	Results and Discussion 
	Results 
	In situ Conditions at AP and TR 
	Changes in Bulk OM Concentrations in AP Samples 
	Changes in Bulk OM Concentrations in TR Samples 
	Changes in Bulk Amino Acids in AP Samples 
	Changes in Bulk Amino Acids in TR Samples 
	Changes in Bulk Neutral Aldose AP Samples 
	Changes in Bulk Neutral Aldoses in TR Samples 
	Compound-Specific Amino Acid Concentrations 
	Compound-Specific Neutral Aldose Concentrations in AP Samples 
	Compound-Specific Neutral Aldose Concentrations in TR Samples 
	Bacterial Abundance 

	Discussion 
	Aggregation of Bulk Organic Matter 
	Changes in Biologically Labile Organic Components 
	Changes in Uncharacterized Organic Components 
	Microbial Responses 


	Conclusions 
	Material and Methods 
	Study Sites and Field Sampling 
	Experimental Design 
	Chemical and Biological Determinations 
	Determination of POC and Particulate Organic Nitrogen (PON) Concentrations 
	Determination of DOC and Total Dissolved Nitrogen (TDN) 
	Determination of Amino Acids 
	Determination of Neutral Aldoses 
	Determination of Inorganic Nutrients 
	Determination of Bacterial Abundance 

	Data Analysis 

	References

